The authors developed an oscillating arc driven by an alternating magnetic field perpendicular to a transferred arc. In this work, the arc behavior was investigated under a non-uniform magnetic field. To prevent heat flux from decreasing near the edge of the arc oscillation, a specially designed non-uniform magnetic field was imposed to the arc. Theoretical consideration of the arc deflection under the non-uniform magnetic field was conducted, where the upper field was in inverse direction to the lower one. The magnetic flux density distribution in each side was assumed to be symmetric with respect to point z=zo. The heat flux decrease was minimized by adjusting the position of zo. Experimental results confirmed the theoretical predictions.
Introduction
A plasma arc in a transferred mode is stabilized by thermal and electromagnetic pinch effects. Concentrated heat is transported through the arc column to the arc root. Such an intense heat flux has been used mainly for welding and cutting metals. However, it is not so convenient to heat or melt metal over a wide area. Several attempts have been conducted to expand arcs. 1, 2) The authors developed an oscillating arc driven by an alternating magnetic field imposed perpendicularly to a transferred arc.
3) When a uniform and steady magnetic field is imposed to the arc, the anode root displacement Y is expressed as In that equation, I p , B, Q, and U respectively denote the arc current, imposed magnetic flux density, mass flow rate of the plasma gas, and the plasma gas velocity in the arc column. If the alternating magnetic field is imposed, then Y changes with time at the frequency of the AC magnetic field. The second term on the right-hand-side of (1) becomes imaginary when R is smaller than L, meaning that the arc becomes unstable if the magnetic flux density is greater than a certain critical value. When the imposed magnetic field is in the sinusoidal form with angular velocity of ω, the anode where Y o denotes the amplitude of the oscillatory motion.
The arc motion amplitude increases with the amplitude of the imposed AC magnetic flux density.
Experimental observations of such a deflected arc revealed that the heat flux decreases concomitantly with increasing imposed magnetic flux density. 4, 5) The objective of this work is to develop a new method for preventing the decrease of the heat flux with Y. The authors impose a specially designed non-uniform magnetic field to the arc.
Theoretical Consideration of the Arc Profile in a
Specially Designed Non-uniform Magnetic Field Figure 1 presents schematic explanations of why the decrease of the heat flux occurs and how it is prevented. As shown in Fig. 1(a) , the cross section of the arc on the anode is in the form of a circle when no magnetic field is imposed. When the uniform magnetic field is imposed to the arc, the arc root deforms to an ellipse, as shown in Fig. 1(b) . The major radius of the ellipse increases concomitantly with the increase of the imposed magnetic field. Consequently, the heat flux decreases with increased Y. Under the non-uniform magnetic field portrayed in Fig. 1(c) , the curvature of the arc in the upper part is in an inverse direction to that in the lower part. Adjusting the non-uniformity, the arc root crosssection can be in the form of a circle as shown in (a). At the incident angle of π/2, the decrease of the heat flux can be minimized.
To simplify the theoretical consideration, the imposed magnetic field is assumed to be symmetric with respect to point z=zo, as shown in Fig. 2 . The direction of the magnetic field is non-uniform, but the absolute value of the magnetic flux density is uniform everywhere.
The geometrical consideration in this model engenders the following relation as In the AC magnetic field, R changes with time. Various profiles of the oscillating arc are depicted for various zo in Fig. 3 . For (a) or (f), the magnetic field interacting to the arc is uniform in space. Decrease of the heat flux under the uniform magnetic field was discussed in the previous work. 4, 5) However, if zo is larger than 0 but smaller than L, then the arc was driven by the non-uniform magnetic field, where the heat flux decrease is reduced. Its decrease is minimized at the critical position.
Under the AC magnetic flux density, Yo (zo), the amplitude of the oscillating arc varies with the amplitude of the AC magnetic flux density. The amplitude of the magnetic flux density for zo * is expected to be two times larger than that for zo=0 if Yo (zo * ) =Yo(0).
Production of the Specially Designed Non-uniform Magnetic Field
The basic concept to produce a field distribution resembling that shown in Fig. 2 is presented in Fig. 4 , where two linear parallel electric currents induce the non-uniform magnetic field.
The practical field coil used to realize such a magnetic field is portrayed schematically in Fig. 5 . The obtained magnetic field distribution by the field coil shown in Fig. 6 is presented in Fig. 7 , which was measured value on the z axis in Fig. 6 . 
Experiment
The arc behavior under the non-uniform magnetic field was examined using the experimental arrangement presented in Fig. 5 . A transferred arc was produced between a plasma torch with a tungsten cathode and a water-cooled copper anode. The standoff distance between the torch orifice and the anode was fixed at 70 mm. A DC power supply connected to the torch and the anode was operated in a constant current mode at 100 A. Its open circuit voltage was 280 V. Argon was fed to the torch as a plasma-forming gas at the flow rate of 3.0 × 10 -4 kg/s. Plasma gas was ejected from the torch through the water-cooled orifice, whose diameter was 5 mm. The field coil described in the previous section was connected to the AC current supply. The frequency of the AC current was 70 Hz; its wave form was rectangular. The AC field current amplitude was adjustable from 0 A to 500 A. The field coil position was raised and lowered using a motor drive mechanism.
The oscillating arc profiles were observed for different field coil positions. Heat flux distributions in the oscillating arc driven by the rectangular AC magnetic field were measured using the specially designed anode assembly portrayed in Fig.  8 . It consisted of three water-cooled copper blocks. The 10-mm-wide, 10-mm-thick, and 100-mm-long center block is designated as a calorimeter. The calorimeter was thermally insulated from the other copper blocks. Using a motor drive mechanism, the anode assembly moved in the direction of the arc displacement at the velocity of 0.33 mm/s. The heat flow to the calorimeter was estimated from the temperature difference of (T C out -T C in ) in the cooling water flowing through this block. The mass flow rate of the cooling water was 7.0 × 10 -2 kg/s. For temperature measurement, K-type thermocouples were used. Temperature variations were recorded at the time interval of 1 s.
Results and Discussion
In Fig. 9(a) , the arc in no imposed magnetic field is shown. The arc was stable. The arc column diameter was almost constant from the torch exit to the anode. The arc profiles for various coil positions of z 0 are portrayed in Figs.
9(b)-9(h).
Different from the theoretical model discussed in section 2, the experimental field distribution was not stepwise. Therefore it is not meaningful to compare the measured Y 0 (z 0 ) quantitatively with the theoretical one expressed by (5) . However, the variation of the observed profile with z 0 agreed qualitatively with the theoretical prediction present- Fig. 3 . Experimental observations revealed that the critical position z0* was between 25 mm and 35 mm. Although the plasma gas velocity is supposed to be constant from the torch exit to the anode surface, it is gradually reduced in actual and therefore the curvature radius of the arc becomes smaller than expected by (2) in the vicinity of the anode surface. This can be the reason why the critical position z0* tends toward the anode surface. Using the calorimeter shown in Fig. 8 , the arc heat flow distributions were measured. Here, more attention must be paid for that the obtained distribution is not about the "heat flux" but the "heat flow". The detailed relation between them is discussed in Ref. 4) . The heat flow distribution under no imposed magnetic field is presented in Fig. 10 . In  Fig. 10, W(y) represents the heat flow to the calorimeter.
Because the arc was extended by the applied magnetic field as shown in Fig. 9 , the arc voltage increase was observed, which is equal to about 10% in this experimental magnetic field strength case. This means that the input electric power to the arc increases and therefore increase of the heat flow to the calorimeter is expected. Nonetheless, it was confirmed that the heat flow from the arc to the anode is independent of the magnetic field. 4) As well as the explanation about the z0* changes, there is a dissipation caused by the surrounding air in actual situation and the increase of the electric power to the arc is possibly lost and the heat flow to the calorimeter may be unchanged by the magnetic field.
Under a rectangular AC magnetic field, the arc is expected to stay at both edges of the oscillating amplitude. It moves quickly from one edge to the other one at the interval of half period of the cycle. Half of the total heat flow will be transported to one edge and the other half to the other edge. The heat flow distribution for the AC coil current of 170 A and that of 200 A are presented, respectively, in Figs. 11 and 12. In both measurements, the coil position was fixed at zo=75 mm. Then, at the critical coil position of zo * , two other heat flow distributions for the coil current of 250 A and for 350 A were also measured. They are portrayed, respectively, in Figs. 13 and 14 .
Meanwhile, at the coil position of zo * , clear peaks in the heat flow distribution were maintained.
The amplitude variations of oscillating arcs are shown in Fig. 15 . The amplitude is the distance of two peaks, which varies in proportion to the coil current. As predicted in section 2, the coil current necessary for the critical coil position is two times larger than that for zo=75 mm to maintain the oscillating amplitude constant.
The ratios of peak values in the heat flow distribution under the AC magnetic field to that under no magnetic field are shown in Fig. 16 . Compared to the theoretical ratio of 0.5 at the critical coil position, measured ratios at z o * were, respectively, 0.41 for the coil current of 250 A and 0.38 for 350 A. Detailed observation of the anode root of the arc revealed that its movement from one edge to the other edge of the oscillating amplitude was not smooth. Consequently, some of the heat flow was transported to the center region. For z o =75 mm, as expected theoretically, the ratios were much smaller than 0.5 and their ratios decreased with increased coil current.
Conclusions
The authors investigated the behavior of an arc driven by a non-uniform magnetic field. Theoretical considerations were made of the arc deflection under the non-uniform magnetic field, where the upper field was in inverse direction to the lower one. The magnetic flux density distribution in each side was assumed to be symmetric with respect to point of z=zo. We infer the following results:
(1) By adjusting the zo position, the arc root displacement on the anode and the incident angle of the arc to the anode are varied.
(2) At zo=L/2, the incident angle is π/2. (3) To keep the displacement of the arc root constant, the necessary field strength for zo=L/2 is two times larger than that for zo=0 or zo=L.
The authors designed a practical field coil for the nonuniform magnetic field resembling that assumed in the theoretical consideration.
An experiment was conducted to confirm the theoretical predictions by imposing a rectangular AC magnetic field. Good agreement between theoretical predictions and measured results was obtained.
